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1.  PROJECT  SUMMARY 


The  Navy  is  interested  in  anti-jam  capabilities  for  bent-pipe  satellite  communication  (SATCOM) 
systems.  Legacy  systems  that  receive  substantial  use  include  the  Commercial  Wideband  Satellite 
Program  (CWSP),  which  has  link  allocations  in  the  C-band  uplink  (3. 7-4.2  GHz)  and  downlink 
(5.85-6.42  GHz),  Defense  Satellite  Communication  System  (DSCS),  and  Wideband  Global 
SATCOM  (WGS),  which  both  have  link  allocations  in  the  X/Ku-bands  uplink  (7. 9-8.4  GHz)  and 
downlink  (7.25-7.75  GHz).  All  of  these  systems  provide  essential  coverage  to  the  warfighter  on  land, 
ocean,  and  air;  however,  these  bent-pipe  satellite  communications  (SATCOM)  links  are  susceptible 
to  jamming  by  an  interferer,  leading  to  denial  of  service.  These  systems  have  built-in  interference 
mitigation  techniques  that  include:  frequency  multiplexing,  the  use  of  guard  bands  to  control 
emissions,  and  frequency  hopping. 

Wideband  SATCOM  systems  are  desirable  to  support  high  throughput  links  but  are  particularly 
susceptible  to  jamming  by  an  interferer.  For  example,  wideband  radio-frequency  (RF)  front  ends 
often  employ  a  broadband  low-noise  amplifier  (LNA).  If  the  LNA  receives  a  strong  signal  that  is  not 
the  signal  of  interest  (SOI)  it  can  cause  the  amplifier  to  go  into  compression  and  become  saturated. 
For  wideband  systems  this  becomes  especially  serious  because  the  likelihood  of  spurious  signals 
increases.  One  method  to  mitigate  this  effect  is  to  frequency  multiplex  the  bandwidth  of  interest, 
essentially  channelizing  the  spectrum.  Although  frequency  multiplexing  the  full  spectrum  into 
subchannels  localizes  failure  to  a  subchannel,  loss  of  a  subchannel  can  still  have  tremendous 
repercussions,  depending  on  the  subchannel  bandwidth.  Therefore,  the  ability  to  mitigate  interferer 
signals  is  essential. 

To  address  the  Navy’s  anti-jam  interests,  this  report  details  a  two-year  Office  of  Naval  Research 
(ONR)  study  as  a  Discovery  and  Innovation  effort  on  this  topic. 


2.  OVERVIEW  OF  TECHNICAL  APPROACH 


In  response  to  interference  cancellation,  tunable  high-quality  (Q)  band-pass/band-reject  filtering 
technologies,  and  electronic  protection  techniques  for  bent-pipe  SATCOM,  this  document  aims  to 
develop  an  RF/microwave  comb  limiter  combiner  channelizer  with  built-in  tunable  notch  filter(s)  for 
sub-band  known  interference  cancellation.  This  development  will  enable  interference-robust  bent- 
pipe  SATCOM  systems.  This  is  illustrated  in  Figure  1. 
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Figure  1.  N-channel  channelizer. 


To  allow  for  full  dynamic  range  within  a  wideband  spectrum,  various  levels  of  channelization  are 
necessary.  Software-defined  radios  use  this  technique,  channelizing  in  the  RF,  intermediate 
frequency  (IF),  and  digital  domain  [1],  The  topic  of  frequency  multiplexing  has  been  investigated  by 
the  Naval  Research  Lab  (NRL)  [2],  and  various  permutations  of  this  architecture  have  reappeared 
over  the  years,  including  cryogenic  channelizers  [3].  Recently,  the  University  of  California  San 
Diego  (UCSD)  has  investigated  channelizers  modeled  after  the  human  cochlea,  which  demonstrate 
tremendous  promise  [4],  These  cochlea-modeled  channelizers  achieve  constant  fractional  bandwidth 
and  can  be  realized  using  surface  mount  technology  (SMT)  or  distributed  transmission  line 
techniques.  This  approach  is  favored  and  is  the  proposed  architecture  for  this  study.  A  first  order 
cochlea  channelizer  is  shown  in  Figure  2.  This  will  be  the  first  thrust  area  in  our  architecture  study 
for  the  development  of  an  efficient  RF/analog  channelizer. 
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Figure  2.  First  order  cochlea  channelizer. 

The  second  thrust  area  in  our  architecture  is  the  development  and  integration  of  a  highly  tunable 
notch  filter  that  exhibits  characteristics  of  high  spectral  isolation.  In  recent  years,  much  research  has 
been  performed  in  a  new  class  of  notch  filters  known  as  “absorptive  notch  filters.”  Absorptive  notch 
filters  were  first  proposed  in  reference  [5]  and  variations  of  this  architecture  are  presented  in  [6-12], 
with  much  of  the  work  performed  by  researchers  at  the  NRL.  This  type  of  notch  filter  exhibits  deep 
bandstop  characteristics,  which  is  typical  of  high-quality  factor  resonators.  The  absorptive  notch 
filters  are  integrated  with  low-to-moderate  quality  factor  resonators  that  are  more  realizable  using 
non-exotic  technologies.  The  ability  to  null  or  cancel  continuous  wave  (CW)  interference  signals, 
which  are  high  in  power,  is  critical  to  the  protection  of  the  RF  front  end.  We  propose  the  integration 
of  a  frequency-agile  and  compact-tunable  absorptive  notch  filter  that  is  embedded  into  an  RF 
channelizer  to  mitigate  strong  interferers,  as  shown  in  Figure  3.  We  notionally  started  in  the  C-band 
(4-8  GHz)  and  move  into  the  X-band  (7-1  IGHz)  in  the  second  year.  The  pursued  thrusts  can  be 
summarized  as: 

•  Development  of  an  N-channel  RF  cochlea-based  channelizer 

•  Development  of  a  frequency-agile  absorptive  notch  filter 

•  Integration  of  channelizer  with  tunable  notch  filter 

•  Interference-sensing  mechanism 


IF  Chanrelizer 


RF  Channelizer  -k Tunable  Notch 


\/ 

— 

LNA 


Anti-Alia$ 


fe-ir 


^ 1 


o 

-l-l 

Li¬ 

ce: 


Tunable  Notch  for  Interference 
Cancellation  or  Guard  Bands 


Figure  3.  Channelized  RF  receiver  with  tunable  notch  filters. 

2.1  BROADER  IMPACT 

The  proposed  research  is  of  interest  to  the  U.S.  Navy  specifically  for  bent-pipe  SATCOM  systems 
where  interference  mitigation  is  necessary.  The  RF  architectures  investigated  are  frequency  and 
bandwidth  adaptable,  and  therefore  insights  gained  from  this  research  effort  may  be  valuable  to  other 
communities  such  as  radar,  communications,  and  information  operations. 

2.2  OUTLOOK  OF  THE  NEW  CAPABILITIES 

The  new  capabilities  developed  in  this  project  will  enable  wideband  receivers  to  be  more  robust 
against  potential  interference,  which  can  be  self-generated  or  foreign  in  origin.  This  added  level  of 
protection  from  receiver  compression  will  reduce  the  possibility  of  denial  of  service  due  to  jamming. 


3.  PROJECT  DESCRIPTION 

3.1  COCHLEA-BASED  RF  CHANNELIZER  DESIGN 

Various  architectures  have  been  proposed  in  the  design  of  microwave/RF  channelizers.  Efficient 
design  methodologies  have  been  proposed  in  reference  [13]  and  the  topic  of  cryogenic  channelizers 
with  low  insertion  losses  have  been  demonstrated  in  reference  [14].  While  these  approaches  are 
sufficient,  a  more  intuitive  and  succinct  approach  is  proposed  in  reference  [4],  in  which  the 
channelizer  is  modelled  after  the  human  cochlea.  In  this  approach,  the  basilar  membrane  acts  as  a 
dispersive  transmission  line  for  acoustic  waves  with  a  spatially  dependent  cutoff  frequency.  In  a 
similar  manner,  an  electrical/analog  equivalent  circuit  can  be  derived  that  operates  as  a  low-pass 
transmission  line  structure  shunt  loaded  by  series  resonator  sections.  A  20-channel,  20-90  MHz 
constant  fractional  bandwidth  channelizer  is  demonstrated  in  reference  [4],  a  10-channel  200-1022 
MHz  third  order  channelizer  is  demonstrated  in  reference  [15],  a  26-channel,  20-90  MHz  channelizer 
is  demonstrated  in  reference  [16],  and  finally  a  7-channel  millimeter-wave  (70-220  GHz)  channelizer 
is  demonstrated  in  reference  [17],  all  utilizing  the  cochlear  model.  Figure  4  shows  the  mechanical  to 
electrical  transform  of  the  cochlear  model.  We  plan  on  developing  either  lumped  element  circuit  or 


distributed  transmission  line  models  of  the  channelizer  in  the  C-band.  For  X-band,  we  anticipate 
using  transmission  line  equivalent  circuits  to  reduce  loss  and  parasitics.  We  plan  on  exploring  the 
trade- space  to  determine  the  number  of  channels  that  can  be  accommodated  while  still  being  able  to 
realize  the  circuit.  For  the  C-band,  we  plan  to  cover  from  3-6  GHz,  and  in  the  X-band  we  plan  to 
cover  from  7-10  GHz. 


Figure  4.  Cochlea  mechanical  to  electrical  transform. 

3.2  EQUENCY  AGILE  ABSORPTIVE  NOTCH  FILTERS 

Channelizers  allow  the  ability  to  sub-divide  a  wide  spectrum  into  smaller  sub-bands,  and  this 
partially  solves  the  challenge  of  preserving  the  dynamic  range  when  a  strong  interferer  is  present. 
However,  even  while  channelizing,  a  strong  interferer’ s  presence  can  cause  an  entire  sub-band  to  be 
saturated  and  effectively  wiped  out.  This  can  be  detrimental  to  communication  systems  and  can  cause 
links  to  be  error  prone  or  completely  lost.  The  ability  to  mitigate  a  known  interferer  within  a  sub¬ 
band  is  therefore  critical.  One  method  of  achieving  this  is  through  the  use  of  a  tunable  notch  filter 
that  can  tune  across  the  entire  frequency  multiplexed  spectrum.  The  ability  to  effectively  reject  the 
interferer’ s  signal  within  the  sub-band  relies  greatly  on  the  achievable  notch  depth,  which  is  often 
related  to  the  quality  factor  of  the  notched  resonator.  For  example.  Figure  5  shows  a  conventional 
second  order  notch  filter  with  a  finite  Q.  The  depth  of  the  notch  improves  with  increasing  quality 
factor.  However,  the  quality  factor  that  one  can  realize  is  greatly  limited  in  reality  by  how  the 
resonator  is  physically  realized.  For  example,  using  monolithic  processes,  the  quality  factor  of  a 
resonator  can  range  from  4-25  [18].  On  multi-chip  module  (MCM)  technology  like  low  temperature 
co-fired  ceramic  (LTCC)  or  liquid  crystal  polymer  (LCP),  the  achievable  Q  is  on  the  order  of  25-150 
[19].  Using  exotic  technologies  such  as  microelectromechanical-systems  (MEMs),  surface  acoustic 
waves  (SAW),  or  bulk  acoustic  waves  (BAW)  devices,  one  can  achieve  Q  on  the  order  of  400-1-  [20]. 
Although  improving  the  quality  factors  of  resonators  is  important,  there  is  certainly  a  technological 
limit  in  terms  of  their  physical  realization,  thus  notch  filter  architectures  that  are  not  dependent  on  the 
quality  factor  become  important. 


2"®  Order  Band  Stop  Filter  -  Finite  Q 


Notch  Filter  (various  Qs) 


0 


--35 

-40 

-45 


Q 

Technology 

4-25 

Silicon.  SiGe,  Monolithic 

25-150 

LTCC,  LCR  Fused  Silica 

150-400 

SMT  parts,  Air-Core  Colls 

400  + 

MEMS.  SAW.  BAW 

Improving  Q  is  a  iosing  battie 


Figure  5.  Finite  quality  factor  second  order  notch  filter. 


Recently,  Jachowski  (NRL)  has  proposed  a  notch  filter  architecture  that  is  independent  of  the 
quality  factor  of  the  resonators  [5],  instead  relying  on  phase  cancellation.  This  type  of  filter  is  also 
unique  in  that  it  is  impedance  matched  outside  its  stopband.  This  method  has  been  termed  as  an 
absorptive  notch  filter  and  has  been  realized  in  various  permutations.  The  most  basic  design  is  shown 
in  Figure  6  and  is  comprised  of  an  all  pass  filter  with  a  90°  delay,  which  is  parallel  with  a  second 
order  bandpass  filter  (BPF).  The  second  order  BPF  has  a  phase  response  of  -90°  at  resonance; 
therefore,  the  two  paths  are  1 80°  out  of  phase  exactly  at  the  resonant  frequency.  This  means  the  two 
transfer  functions  are  subtractive  and  form  a  notch  transfer  function.  The  notch  is  therefore 
dependent  on  the  precision  of  the  phase  subtraction  rather  than  the  quality  factor  of  the  resonators. 
The  notch  filter  is  also  well  matched  out  of  band  as  well  as  in-band.  Variations  of  this  “absorptive” 
notch  filter  have  been  proposed  and  demonstrated  in  literature,  and  some  are  designed  to  be  tunable. 
Figure  7  shows  a  simple  absorptive  notch  that  utilizes  mutual  coupled  inductors.  This  approach, 
proposed  by  Purdue  University  is  preferable  due  to  its  simpler  realization  [12]. 
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Figure  6.  Basic  design  of  absorptive  notch  various  alternative  architectures. 
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Figure  7.  Basic  design  of  absorptive  notch  various  alternative  architectures. 


Although  the  absorptive  filter  architecture  alleviates  the  need  for  high  quality  factor  resonators  to 
achieve  high  rejection,  the  bandwidth  of  the  filter  is  still  correlated  with  the  quality  factor  of  the 
resonator.  Equation  1  shows  this  relationship,  where  Eg  is  defined  as  the  stopband  edge  attenuation 
value. 


The  design  in  Figure  7  shows  that  as  the  quality  factor  of  the  resonators  increases,  the  bandwidth 
of  the  notch  filter  decreases,  making  sharper  response.  Figure  8  illustrates  this  behavior.  It  is 
important  to  note  that  widening  the  bandwidth  of  these  notch  filters  is  straightforward  because 
multiple  absorptive  notch  filters  can  be  cascaded  to  gain  that  effect.  However,  narrow  bandwidth 
notch  filters  are  more  difficult  to  develop,  as  high-uality  factor  resonators  are  necessary.  Narrow 
bandwidth  notch  filters  are  more  desirable  for  this  application  because  as  the  number  of  channels 
increases  within  a  channelizer,  the  sub-bands  become  narrower  as  they  approach  the  stopband  edges 
of  the  notch  filter.  Although  the  approach  in  reference  [12]  is  elegant  and  requires  minimal 
components,  the  architecture  requires  a  unique  solution.  For  a  given  system  impedance,  quality 
factor,  and  center  frequency,  there  is  only  one  set  of  component  values  that  fulfill  the  requirements. 
As  such,  this  design  is  difficult  to  realize  over  wide  operating  requirements.  For  example,  Table  1 
shows  some  of  the  required  inductor  values  given  a  system  impedance  of  50Q  at  an  operating 
frequency  of  2  GHz.  To  achieve  mid-  to  high-quality  factors,  high-value  RF  inductors  are  necessary, 
which  cannot  be  developed.  This  topology  certainly  has  its  limitations. 

We  therefore  propose  to  investigate  alternative  architectures  that  are  highly  miniaturized  as 
demonstrated  in  reference  [12]  but  with  more  degrees  of  design  freedom.  One  proposed  architecture 
is  shown  in  Figure  9.  This  variation  on  Bode’s  original  topology  [21]  allows  for  more  design 
freedoms,  which  lead  to  a  design  easier  to  develop. 
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Figure  8.  Frequency  response  of  absorptive  notch  from  Figure  7  varying  the  quality  factor  of  the 
resonators. 

Table  1 .  Required  component  values  for  topology  shown  in  Figure  7  given  50Q  system  impedance  at 
2  GHz  operating  frequency. 
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Li(nH) 
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Ri(Q) 
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C2(pF) 

R2(Q) 

M(nH) 

10 

20 

3.1 

25 

0.79 

7.95 

100 
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25 
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0.13 

25 

0.32 
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Figure  9.  Proposed  alternative  lumped  element  absorptive  notch  filter. 


As  an  example,  given  a  system  impedance  of  50Q,  an  operating  frequency  of  2  GHz,  and  a  quality 
factor  of  20,  the  required  inductance  is  only  15  nH,  which  is  within  the  bounds  of  lumped  element 
realization.  Figure  10  shows  the  frequency  response  of  this  notch  filter  in  comparison  with  the  design 
proposed  in  reference  [12].  The  only  drawback  of  the  proposed  design  is  that  it  requires  4  inductors. 


3.3  INTEGRATION  OF  CHANNELIZER  WITH  FREQUENCY  AGILE  NOTCH  FILTER 

To  mitigate  an  interfering  signal  within  a  channelizer  sub-band,  we  propose  a  study  of  various 
channelizer  +  absorptive  notch  architectures.  A  notional  design  is  shown  in  Figure  1 1  where  tunable 
notch  elements  are  embedded  within  each  sub-band,  as  well  as  a  tunable  notch  preceding  the 
channelizer  to  create  a  guard  band.  Figure  12  shows  simulated  results  using  a  single  absorptive  notch, 
and  the  simulation  suggests  greater  than  50  dB  rejection  can  be  achieved  from  reactive  components 
that  have  easily  achievable  quality  factors.  The  notch  can  be  made  digitally  tunable  by  adding 
varactors,  which  are  controlled  by  digital  to  analog  converters  (DACs).  The  order  of  both  the 
channelizer  and  absorptive  notch  can  be  adjusted  to  be  application  specific.  For  example,  a  third 
order  cochlea  channelizer  can  be  designed  if  greater  sto  band  attenuation  is  required. 


Figure  1 1 .  Notional  integration  of  channelizer  with  tunable  notch  filters. 
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Figure  12.  Notional  frequency  response  of  RF  channelizer  +  frequency  agile  notch  filter. 
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4.  TECHNOLOGY  DEVELOPMENT  IN  C-BAND 

The  objective  of  the  first  year  of  the  study  was  is  to  develop  an  RF  channelizer  with  a  built-in 
tunable  notch  filter  that  is  capable  of  supporting  bent-pipe  SATCOM  systems,  notionally  in  the 
C-Band.  This  project  will  follow  the  aforementioned  project  description  and  corresponding  technical 
approaches. 

4.1  DEVELOPMENT  OF  COCHLEA  CHANNELIZER 

4.1.1  Three-Channel  Design  Using  Lumped  Capacitors 

In  our  first  iteration  of  the  cochlea-based  channelizer  design,  we  opted  the  use  of  tubular  filters  to 
realize  each  channel  filter.  In  reference  [15]  and  reference  [16],  we  used  this  method  to  develop 
channelizers  in  the  MHz  frequency  regime  where  lumped  elements  were  used.  However,  in  the 
C-Band,  lumped  element  use  is  limited  to  only  capacitors  as  the  self-resonant  frequencies  (SRF)  for 
surface  mount  inductors  are  typically  below  frequencies  in  the  C-Band.  For  this  reason,  transmission 
line  equivalent  models  are  utilized,  such  as  in  reference  [17]. 

To  gain  an  understanding  on  design  limitations  for  this  type  of  microwave  channelizer,  a  simple 
three-channel  channelizer  was  designed  as  a  starting  point.  As  in  reference  [17],  transmission  lines 
were  used  to  realize  an  equivalent  circuit  to  the  tubular  filter  architecture.  This  is  shown  in  Figure  13. 
In  this  first  iteration  design,  series  inductors  and  shunt  capacitors  were  realized  using  transmission 
lines.  High  impedance  meandered  lines  create  series  inductors.  Wide  low  impedance  lines  provide 
the  parallel  plate  capacitance  to  ground,  which  create  the  shunt  capacitors.  Series  capacitors  are 
realized  using  AVX®  surface  mount  capacitors.  These  AVX®  capacitors  are  modelled  in  Keysight® 
ADS  using  libraries  from  Modelithics®.  Each  tubular  channel  filter  was  designed  so  that  at  its 
resonant  frequency  the  filter  was  matched  to  50Q,  and  for  all  frequencies  below  and  above  the 
resonant  frequency  the  filter  looked  like  an  open  circuit.  This  is  illustrated  in  Figure  14.  Once  the 
channel  filters  are  designed,  each  of  the  filters  are  coupled  together  through  the  manifold.  In 
reference  [15]  and  reference  [16],  the  manifold  is  realized  using  inductors  or  high  impedance  lines. 
For  low  frequency  designs  this  isn’t  a  problem,  but  at  high  frequencies  this  can  impose  practical 
challenges  by  routing  the  fan-out  for  each  of  the  channels  because  high  impedance  lines  are  often 
short  and  narrow  transmission  lines,  whereas  long  transmission  lines  are  desired  to  enable  fan-out 
routing. 

To  overcome  this  practical  challenge,  series  capacitors  were  inserted  along  the  manifold  feed  to 
compensate  and  resonate  out  the  extra  length  of  transmission  line  that  was  inserted  to  allow  for 
routing.  This  is  shown  in  Figure  15.  This  design  is  on  40-mil  Rogers  4350B  substrate  (er  =3.66, 
6=0.004).  Fabrication  of  this  prototype  channelizer/triplexer  was  done  at  Space  and  Naval  Warfare 
Systems  Center  Pacific  (SSC  Pacific)  and  is  shown  in  Figure  16..  Full  wave  simulations  of  the 
channelizer  were  completed  in  both  Agilent®  Momentum  and  Ansys®  HFSS.  The  measured  and 
simulated  responses  for  the  prototype  are  shown  inFigure  17.  The  channelizer  operates  from  2-8 
GHz,  with  each  channel  having  a  3-dB  bandwidth  of  over  1.58  GHz. 


Figure  14.  Realization  of  each  tubular  channel  filter. 


Figure  15.  Realization  three-channel  channelizer. 


Figure  16.  Fabricated  prototype  of  three-channel  channelizer. 
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Figure  17.  Measured  and  simulated  results. 

4.1 .2  Five-Channel  Design  using  Lumped  Capacitors 

A  second  iteration  design  was  completed  for  a  five-channel  channelizer.  Using  the  same  technique, 
this  channelizer  operates  from  3-1 1  GHz  with  channel  bandwidths  of  greater  than  1.1  GHz.  In  this 
design,  we  sought  to  reduce  the  number  of  surface  mount  components  because  the  surface  mount 
parts  have  the  highest  variation  in  terms  of  modeling.  In  this  case,  series  capacitors  in  the  tubular 
fdter  are  replaced  with  edge  coupled  transmission  lines,  which  is  shown  in  Figure  18.  The  fabricated 
prototype  is  shown  in  Figure  19.  This  iteration  of  the  design  simplified  the  modelling;  however,  the 
bandwidths  of  each  channel  is  still  much  too  large  and  covers  more  than  the  C-band.  The  measured 
and  simulated  responses  for  the  prototype  are  shown  in  Figure  20. 
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Figure  18.  Designed  five-channel  channelizer  with  capacitors  in  manifold. 


Figure  19.  Fabricated  five-channel  channelizer  with  capacitors  in  manifold. 
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Figure  20.  Measured  and  simulated  five-channel  channelizer  with  capacitors  in  manifold. 
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4.1.3  Five-channel  design  for  C-Band 

As  multi-functional  RF  systems  become  ubiquitous,  the  need  increases  for  receivers  to  handle 
larger  bandwidths.  Although  this  is  desirable,  designing  wideband  receivers  can  be  very  challenging. 
Issues  such  as  saturation  and  intermodulation  distortion  due  to  high  power  interferers  can  limit  the 
allowable  bandwidth  a  wideband  receiver  can  accept.  For  this  reason,  channelizing  filters  can  be 
especially  desirable.  Channelization  splits  the  wide  bandwidths  into  smaller  portions,  limiting 
detrimental  effects  to  other  channels  when  one  channel  is  degraded  while  preserving  high  selectivity 
[22]. 

Various  types  of  channelizer  topologies  have  been  proposed.  One  bio-inspired  topology  is  based 
on  the  mammalian  cochlea  [23;  24],  where  the  resonant  frequencies  of  the  parallel  beams  are 
organized  from  high  to  low  frequencies.  This  method  is  also  demonstrated  in  reference  [16]  and  an 
inverse  topology  in  reference  [25].  All  of  the  aforementioned  designs  were  done  at  low  frequencies 
below  1  GHz  using  lumped  elements  to  realize  each  channel  filter.  At  microwave  frequencies, 
lumped  element  implementations  simply  are  not  viable.  In  reference  [26]  a  microwave  design  is 
presented  using  a  monolithic  process;  however,  because  lumped  elements  were  used,  the 
performance  of  the  channelizer  was  severely  degraded.  In  reference  [27]  a  microwave  design  is 
presented;  however,  it  requires  a  high  temperature  superconductor  substrate.  In  reference  [17]  a 
W-band  channelizer  is  presented  using  the  cochlear  approach.  In  this  design,  co-planar  transmission 
lines  were  used  to  realize  the  tubular  filters  needed  for  the  channelizer.  This  design  was  also 
fabricated  using  micro-fabrication  processes. 

This  section  presents  the  design  of  a  cochlea-based  RF  channelizer  operating  in  the  C-band,  which 
supports  5  contiguous  channels.  The  design  is  realized  at  board  level  using  transmission  lines,  and 


covers  frequencies  from  3-8  GHz  with  channel  bandwidths  of  no  less  than  0.74  GHz.  The  proposed 
channelizer  is  shown  in  Figure  21. 


RF  Input 


Figure  21 .  C-Band  five-channel  cochlea  channelizer. 

Critical  to  the  operation  of  the  cochlea-based  channelizer  is  the  impedance  characteristic  of  each 
channel.  Specifically,  the  input  impedance  of  each  of  the  channel  filters  should  behave  as  a  series 
resonator  and  appear  as  a  short  circuit  at  resonance  and  an  open  circuit  at  all  other  frequencies.  The 
channels  are  coupled  through  an  inductive  manifold,  which  forms  an  up-converting  ladder  network 
transforming  the  channel  impedance  to  the  input  impedance.  As  described  in  reference  [24]  and 
reference  [16],  there  are  not  many  filter  topologies  that  satisfy  the  above  requirements,  with  the 
exception  of  the  tubular  topology. 

Typically,  the  tubular  channel  filters  are  realized  using  lumped  elements.  However,  at  microwave 
frequencies  this  is  not  possible  because  of  low  the  self-resonant  frequencies  of  surface  mount 
inductors  and  capacitors.  Instead,  transmission  line  equivalent  circuits  are  adopted  as  in  reference 
[17].  Series  inductors  are  realized  as  high  impedance  transmission  lines.  Series  capacitors  are 
realized  using  edge -coupled  transmission  lines.  Shunt  capacitors  to  ground  are  realized  using  wide 
transmission  lines  that  have  a  parallel  plate  capacitance  to  ground.  This  is  shown  in  Figure  22.  Each 
channel  filter  is  designed  so  that  the  input  impedance  resembles  that  of  a  series  resonator.  The  input 
impedance  of  the  BPF  in  channel  one  is  shown  in  Figure  23.  The  filters  are  implemented  in 
microstrip  on  a  40-mil  thick  Rogers®  4350B  substrate  (er  =  3.66,  6  =  0.0037).  Once  each  channel 
filter  has  been  designed,  they  are  aggregated  and  coupled  via  the  manifold,  which  is  comprised  of 
high  impedance  inductive  traces.  The  trace  width  of  the  high  impedance  lines  are  6  mils.  Once  the 
filters  are  connected  to  the  manifold,  further  channel  filter  optimization  is  necessary  as  distributed 
effects  are  prominent  at  microwave  frequencies.  Schematic  level  transmission  line  simulations  were 
performed  in  Keysight®  ADS  [9]  and  are  shown  in  Figure  24.  The  channelizer  covers  all  of  C-band 
and  maintains  a  return  loss  of  better  than  10  dB.  Each  of  the  channel  filters  cover  over  0.74  GHz  of 
bandwidth.  The  adjacent  band  rejection  can  be  improved  by  employing  higher  order  channel  filters; 
however,  this  is  at  the  expense  of  incurring  a  higher  insertion  loss  due  to  longer  channel  filters. 
Ansys®  Designer  is  used  to  simulate  the  final  transmission  line  design.  The  fabricated  prototype  is 
shown  in  Figure  25. 
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Figure  25.  Fabricated  prototype  5-channel  C-band  channelizer. 


The  channelizer’ s  S-parameters  are  measured  using  an  Agilent®  N230C  vector  network  analyzer. 
A  custom  thru-reflect-line  (TRL)  calibration  kit  was  designed  and  used  to  de-embed  both  the  coaxial 
fixtures  used  for  the  measurements,  and  5.5  mm  of  50Q  transmission  line  to  reduce  measurement 
loss.  The  input  reflection  coefficient  is  measured  when  all  channel  outputs  are  loaded  with  a  50f2 
termination.  The  transmission  response  of  a  single  channel  is  measured  when  all  other  channels  are 
terminated  with  50f2  loads. 

The  measured  and  simulated  S-parameters  for  all  five  channels  are  shown  in  Figure  26  and  Figure 
27,  respectively.  A  summary  of  the  measured  results  are  shown  in  Table  2.  The  channelizer 
maintains  an  SI  1  of  better  than  -10  dB  across  the  majority  of  the  C-band,  with  exception  to  a  slight 
mismatch  at  4.86  GHz.  The  measured  and  simulated  responses  are  fairly  well  correlated.  The  3  dB 
bandwidth  of  each  of  the  channel  filters  are  each  less  than  1  GHz  and  can  be  further  tuned  to  provide 
equal  bandwidths.  The  measured  insertion  loss  at  the  center  frequencies  of  each  channel  filter  does 
not  exceed  2.26  dB.  The  crossover  point  between  adjacent  channels  is  around  -6  dB.  The  adjacent 
channel  rejection  is  measured  from  the  center  frequency  to  the  upper  and  lower  adjacent  channels 
and  is  >  11  dB. 
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Figure  26.  Measured  and  simulated  transmission  coefficient. 
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Figure  27.  Measured  and  simulated  reflection  coefficient. 


Table  2.  Measured  channelizer  specifications. 


Ch 

Band-edge 

AsdB  (GHz) 

I.L. 

Rejection  N-l(dB) 

Rejection  N+l(dB) 

1 

3.45/4.29 

0.84 

1.23 

- 

17.16 

2 

4.32/5.06 

0.74 

2.26 

16.32 

14.25 

3 

5.08/5.89 

0.81 

2.06 

17.9 

11.72 

4 

5.88/6.90 

1.02 

1.92 

16.11 

12.53 

5 

6.92/8.13 

1.21 

1.79 

11.84 

- 

4.2  ABSORPTIVE  NOTCH  FILTER  DESIGN 

4.2.1  Design  based  on  coupled  transmission  iines 

Modem  microwave  communication  systems  are  often  wideband  by  design.  An  example  would  be 
many  recent  software-defined  radios  that  use  very  wideband  RF  front  ends,  which  are  especially 
susceptible  to  strong  interferers.  One  mitigation  technique  is  to  use  microwave  channelizers.  Another 
often-used  technique  is  the  ability  to  precisely  excise  the  undesired  signal  through  the  use  of  tunable 
bandstop  filters  (BSF)  [26].  Typical  BSFs  are  reflection  type,  where  the  undesired  signal  is  reflected 
back  to  the  input  and  therefore  rejected.  However,  recently  there  has  been  interest  in  reflectionless  or 
“absorptive”  BSFs  where  the  undesired  signal  is  absorbed  rather  than  reflected,  resulting  in  good 
input  matching  both  in-band  and  out-of-band.  In  reference  [28]  and  reference  [29],  an  absorptive 
BSFs  is  realized  on  a  transmission  line  using  a  phase  cancellation  approach.  In  reference  [9],  authors 
use  lossy  resonators  to  realize  perfectly  matched  BSFs.  Lumped  element  realizations  are  also 
proposed  in  references  [11],  [30],  and  [31]  would  enable  further  miniaturization.  One  interesting 
approach  proposed  in  reference  [32]  improves  on  the  traditional  coupled  transmission  line  BSFs  with 
a  small  addition  of  a  resistor  at  the  input  resonator  to  achieve  the  reflectionless  characteristic.  This 
approach  is  simple  and  convenient,  as  multiple  sections  can  be  cascaded  to  realize  more  rejection. 
Also,  closed  form  design  equations  are  available  for  this  type  of  filter,  which  can  be  used  to  tune  the 
performance.  In  this  section,  L-Resonators  with  open  stubs  [33]  are  adopted,  which  is  in  contrast  to 
the  short  circuit  coupled  transmission  lines  presented  in  reference  [32], 

The  proposed  reflectionless  BSFis  shown  in  Figure  28,  where  a  four-stage  design  is  presented.  The 
filter  is  composed  of  four  resonator  sections;  however,  only  the  first  section  (inside  the  dashed  box) 
needs  to  be  analyzed  to  understand  the  reflectionless  properties. 


Figure  28.  Proposed  fully  tunable  reflectionless  bandstop  filter. 


According  to  reference  [34],  the  resonator  behaves  as  a  BPF  where  the  image  impedances  of  the 
first  quarter  wave  resonator  are  defined  as 
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When  the  input  port  is  terminated  by  the  characteristic  impedance,  Zo  (which  is  50Q),  the  value  of 
R  can  be  readily  solved  such  that  it  absorbs  all  the  power,  this  is  determined  to  be: 
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The  design  of  the  bandstop  response  follows  from  [35]  where  a  low  pass  prototype  is  first  used  and 
the  normalized  reactance  slopes  for  each  resonator  section  are  determined  as  follows: 


9o 


giilcFBW 


for  i  =  Iton, 


(5) 


where  is  the  cutoff  frequency,  FBW  is  the  fractional  bandwidth,  and  gi  is  typically  determined 
from  a  look-up  table.  The  prototype  design  is  shown  in  Figure  29,  fabricated  on  40-mil  Rogers® 
4350B.  For  simplicity,  all  4  coupled  line  sections  are  made  to  be  equal  with  Zodd  =  46.4Q  and  Zeven  = 
75.75Q.  From  Equation  4,  an  866f2  resistor  would  be  optimal;  however,  in  practice  a  1-  kQ  resistor 
was  utilized  because  of  general  availability. 


Figure  29.  Fabricated  fully  tunable  reflectionless  bandstop  filter. 

Frequency  tunability  is  achieved  through  the  use  of  varactor  diodes  that  are  placed  at  the  end  of  the 
A,/4  open  stub.  The  varactor  diode  serves  to  change  the  effective  electrical  length  of  the  transmission 
line.  Thin  traces  are  then  used  to  create  a  high  impedance  choke  for  the  DC  biasing  of  the  varactor 


diodes.  For  this  design,  GaAs  abrupt  varactor  diodes  from  Cobham  were  used  (MGV050-20),  which 
have  a  typical  junction  capacitance  of  0.48  pF  with  a  tuning  ratio  of  2.6  [36]. 

Simulations  were  completed  in  Ansys®  HFSS,  where  0.2  pF  capacitors  were  used  to  load  the  open 
stubs.  Figure  30  shows  the  simulated  insertion  loss  and  the  return  loss  with  and  without  the  resistor 
R.  Without  the  resistor  R,  the  filter  is  reflective  when  behaving  as  a  BSF.  However,  when  R  is  used, 
power  is  dissipated  through  it,  resulting  in  absorptive  or  reflectionless  characteristics.  The  resonant 
frequency  of  the  simulated  BSF  is  at  4.9  GHz.  Figure  31  shows  the  return  loss  response  at  the 
resonant  frequency  when  the  value  of  R  is  changed.  Maximum  power  dissipation  of  R  occurs  when 
the  value  is  near  900  Q. 

Figure  32  shows  the  measured  S21  and  SI  1  response  of  the  prototype  BSF  across  various  bias 
voltages.  All  of  the  varactors  share  the  same  bias  voltage.  Better  than  20  dB  of  rejection  is  achieved 
from  3.96-4.4  GHz  by  tuning  the  varactor  from  0-10  V.  Also,  from  3. 5-4. 5  GHz,  the  return  loss  is 
better  than  8  dB,  indicating  that  the  BSF  is  well  matched  at  all  frequencies. 

Finally,  Figure  33  shows  the  correlation  between  the  bias  voltage  and  the  resonant  frequency,  as 
well  as  the  correlation  between  the  3-dB  FBW  and  the  resonant  frequency.  The  frequency 
performance  of  this  filter  is  mainly  restricted  by  the  limited  range  of  the  varactor  diodes.  The  FBW 
can  be  improved  by  tuning  the  gap  between  the  coupled  lines  in  accordance  to  the  normalized 
reactance  slope  in  Equation  5. 
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Figure  30.  Simulated  S21  and  S1 1  of  reflective  and  reflectionless  designs. 
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Figure  31 .  S1 1  at  4.9  GHz  sweeping  R. 


Figure  32.  Measured  3-dB  FBW,  resonant  frequency,  and  bias  voltage. 


4.2.2  Quasi-lumped  Element  Design 

BSFs  are  finding  use  in  modem  radios  primarily  because  of  the  increased  ubiquity  of  wideband 
systems.  For  example,  many  software-defined  radios  operate  over  wide  swaths  of  bandwidth  and  as 
such  are  susceptible  to  performance  degradation  due  to  strong  interferers.  RF  channelizers  help 
provide  a  level  of  protection.  However,  the  additional  ability  to  precisely  excise  undesired  signals  is 
critical.  Various  BSFs  have  been  recently  investigated  in  references  [25],  [28],  [37],  and  [38]; 
however,  these  are  reflection  type  BSFs,  and  so  the  stopband  attenuation  is  limited  to  the  quality 
factors  that  can  be  realized  in  the  resonators. 

Recently,  however,  reflectionless  type  BSFs  or  absorptive  BSFs  have  been  proposed  that 
overcome  this  basic  limitation.  Through  the  design  of  intentionally  lossy  resonators,  reflectionless 
BSFs  can  achieve  theoretically  infinite  attenuation.  In  reference  [39]  and  reference  [5],  a 


transmission  line  approach  is  presented  that  shows  good  performance  around  1  GHz  and  2  GHz 
respectively.  Further  demonstration  is  shown  in  references  [9]  and  [30],  These  early  reflectionless 
designs  were  large  in  size  due  to  the  use  of  transmission  lines.  In  references  [11],  [31],  and  [33], 
miniaturization  is  proposed  through  the  use  of  an  equivalent  lumped  element  model.  These  designs 
are  complex  and  require  many  lumped  elements  to  realize.  For  low  frequency  applications  in  ultra 
high  frequency  (UHF)  and  below,  these  topologies  may  be  applicable.  But  at  frequencies  beyond 
UHF,  realization  of  these  circuits  can  be  difficult  due  to  distributed  parasitic  and  self-resonance 
effects  from  the  numerous  lumped  elements.  In  reference  [31]  these  are  overcome  by  realization  on 
an  integrated  circuit.  However,  in  references  [32]  and  [12],  the  authors  have  proposed  a  simple 
miniaturized  lumped  element  reflectionless  filter  that  is  suitable  for  limited  RF  operation.  The  main 
drawback  of  this  design  is  that  as  the  quality  factor  and  operating  frequency  changes  the  values  of  the 
resonators  change  with  exception  to  the  lossy  resistors.  In  other  words,  the  only  way  to  increase  the 
Q  is  to  increase  the  values  of  the  inductors  used.  This  can  be  prohibitive  at  higher  RF  frequencies. 

Therefore,  we  propose  a  new  quasi-lumped  element  reflectionless  filter  topology  in  Figure  34 
similar  to  Bode’s  original  design  in  references  [40]  and  [41]  that  minimizes  the  number  of 
components,  allows  for  more  design  flexibility  in  regards  to  component  values,  and  still  achieves 
large  attenuation  while  maintaining  a  small  size. 

Much  like  in  reference  [39],  our  proposed  topology  uses  phase  cancellation  to  obtain  high 
rejection.  In  this  approach,  two  paths  are  introduced  between  the  input  and  output  ports  and  the 
signals  are  imposed  to  cancel  each  other  by  proper  adjustment  of  the  phase  and  amplitude.  In  this 
way,  extremely  deep  notches  can  be  realized  using  low-order  resonators.  To  accomplish  phase 
cancellation,  an  impedance  inverter  is  typically  used.  In  reference  [39],  two  A/4  transmission  lines  are 
used;  however,  this  constrains  the  size.  In  our  proposed  topology,  the  impedance  inverter  is  a  direct 
result  of  the  bridge-T  topology. 

In  Figure  34,  the  proposed  notch  filter  is  composed  of  a  series  bandpass  resonator  RiLiCi,  a 
bandstop  resonator  R2L2C2,  and  a  high-pass  filter  comprised  of  two  series  capacitors.  The  two 
resonators  are  designed  to  resonate  near  the  same  frequency.  The  high-pass  section  then  acts  like  a 
delay  or  a  phase  shift,  which  is  adjusted  for  optimal  cancellation.  Thus,  when  the  input  signal  is 
“bridged”  between  the  two  passive  circuit  paths  and  both  the  resistance  and  reactance  of  the  paths  is 
equal,  near  infinite  attenuation  can  be  achieved  [21].  A  5-GHz  example  design  would  result  in: 
Li=9.4  nH,  Ci=0.10  pF,  L2=9.9  nH,  C2=0.095  pF,  and  a  total  delay  of  16°.  The  values  of  Ri  and  R2 
are  determined  through  parametric  simulation.  This  is  shown  in  Figure  35.  When  Ri  is  2.25Q.  and  R2 
is  20D.,  the  SI  1  and  S21  are  approximately  -15  and  -50  dB,  respectively.  High  rejection  is  achieved 
while  maintaining  a  good  input  match. 


Figure  33.  Proposed  reflectionless  bandstop  filter. 
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Figure  34.  Contour  plot  of  S21  and  S1 1  when  R1  and  R2  are  swept. 

For  this  design,  the  C-Band  was  targeted,  and  at  these  frequencies  surface  mount  resistors  and 
capacitors  are  viable;  however,  most  inductors  have  low  self-resonant  frequencies.  For  this  reason, 
high  impedance  meandered  transmission  lines  are  used  to  provide  the  proper  inductance.  The 
fabricated  prototype  is  shown  in  Figure  36,  and  the  filter  is  implemented  in  microstrip  on  a  40-mil 
thick  Rogers®  4350B  substrate  (8r  =  3.66,  8  =  0.0037).  In  this  design,  Ci  and  C2  are  0.1  and  0.2  pF, 
respectively.  These  are  realized  using  AVX  ACCU-P®  capacitors.  Ri  and  R2  are  1.50,  and  3.57D., 
respectively,  and  are  found  parametrically.  These  are  realized  using  Vishay®  Dale  CRCW0402  series 
resistors.  Finally,  the  capacitor  in  the  high-pass  filter,  C  is  set  to  4.7  pF.  This  is  realized  using 
Vishay®  RFCS  series  capacitors.  Sonnet  was  used  for  all  electromagnetic  simulations  on  the  filter 
structure  with  S-parameter  models  for  each  component. 


Figure  35.  Fabricated  fixed  frequency  prototype  and  TRL  calibration  substrate. 

The  prototype  was  measured  using  coaxial  edge  connectors  from  Southwest  Microwave,  Inc.,  and 
a  custom  TRL  calibration  substrate  is  used  to  de-embed  the  measurements  to  the  reference  plane 
shown  in  Figure  37.  The  measured  and  simulated  results  are  shown  in  Figure  37,  and  the  correlation 
is  good.  The  measured  rejection  is  over  50  dB  at  4. 1  GHz,  and  the  return  loss  is  better  than  6  dB  over 
the  whole  band  of  operation.  The  measured  3  dB  and  10  dB  bandwidths  are  approximately  1  and  0.25 
GHz,  respectively.  The  measured  10-dB  percentage  bandwidth  is  therefore  6%.  The  measured 
insertion  phase  is  shown  in  Figure  38  and  shows  that  at  the  cancellation  frequency,  the  signal  goes 
through  near  180°  phase  change. 

Frequency  tunable  notch  filters  are  also  quite  desirable.  Our  proposed  architecture  is  capable  of 
supporting  this  with  the  simple  addition  of  varactors  in  place  of  Cl  and  C2,  and  high  impedance  bias 
lines.  We  used  the  Cobham®  MGV050-18  GaAs  abrupt  varactor  diode  to  test  the  tunablity.  This 
diode  has  a  junction  capacitance  (CJ)  of  0.41  pF  and  a  tuning  ratio  of  2.0.  Figure  39  shows  the 
fabricated  frequency  tunable  prototype.  Since  the  overall  capacitance  when  using  the  varactor  is 
greater  than  the  fixed  frequency  design,  we  would  expect  that  the  frequency  of  operation  to  be  shifted 
down.  Figure  40  shows  the  measured  results  under  four  different  bias  voltages.  The  notch  filter  can 
be  tuned  from  2.51-2.83  GHz  with  a  rejection  of  better  than  20  dB.  In  this  design,  each  varactor 
requires  its  own  bias  voltage. 
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Figure  36.  Measured  and  simulated  Sll  and  S21. 
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Figure  37.  Measured  S21  phase. 
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Figure  38.  Fabricated  frequency  tunable  prototype  and  calibration  substrate. 
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Figure  39.  Measured  frequency  response  of  tunable  prototype. 

4.3  INTEGRATION  OF  RF  CHANNELIZER  WITH  TUNABLE  NOTCH  FITLER 


At  the  end  of  the  first  year  pf  the  study  we  tried  to  integrate  one  of  our  designed  notch  filters  with 
the  five-channel  channelizer.  The  ultimate  approach  was  to  incorporate  a  tunable  notch  filter  for  each 
of  the  channels.  In  this  approach,  each  notch  filter  was  designed  and  optimized  to  cover  the  entirety 


S21  (dB) 


of  each  channel.  However,  because  of  time  considerations  in  the  first  year  we  simply  demonstrated 
this  concept  with  a  single  channel  instead  of  all  five.  In  the  second  year,  we  demonstrated  in  the 
X-band  and  anticipated  having  tunable  notch  filters  for  each  channel.  Figure  41  shows  the  fabricated 
prototype  incorporating  both  a  tunable  notch  filter  with  the  channelizer.  For  this  design,  the  edge- 
coupled  transmission  line  absorptive  notch  filter  (Section  3.2)  was  used  because  the  achieved  quality 
factor  was  higher,  creating  a  more  selective  BSF  with  a  narrower  stopband.  The  designed  prototype 
operates  such  that  the  tunable  notch  filter  covers  channel  one,  from  approximately  3.5^  GHz. 


Figure  40.  Prototype  CLIC-SKIN  for  C-Band. 

Figure  42  shows  the  measured  results  of  the  channelizer  with  an  embedded  tunable  notch  filter. 

The  notch  can  be  tuned  arbitrarily  within  the  passband  of  channel  one  with  approximately  5% 
fractional  bandwidth.  To  create  a  narrower  notch,  more  stages  can  be  cascaded  with  the  penalty  of 
incurring  a  higher  insertion  loss.  Shown  in  Figure  42  in  the  absorptive  regime,  the  notch  filter  gets 
more  than  40  dB  of  rejection.  The  ability  to  channelize  the  frequency  regime  that  a  radio  operates  in 
offers  a  first  level  of  protection  to  the  front  end  amplifier.  Using  only  channelization,  if  a  strong 
interferer  enters  one  of  the  passbands  that  passband  can  be  sacrificed  with  the  rest  of  the  channels 
remaining  fully  operational.  With  the  addition  of  a  tunable  notch  filter  that  is  embedded  into  each 
channel  filter,  this  adds  an  extra  level  of  protection,  possibly  saving  portions  of  the  channel  instead  of 
sacrificing  the  entirety  of  the  channel.  Figure  43  and  Figure  44  show  the  fabricated  prototype  printed 
circuit  board  for  all  of  the  test  structures  for  year  one. 
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Figure  41 .  Prototype  CLIC-SKIN  for  C-Band. 


Figure  42.  Printed  Circuit  Board  Fabrication  for  absorptive  bandstop  filters,  RF  Channelizers,  and 
CLIC-SKIN. 


Figure  43.  Printed  Circuit  Board  Fabrication  absorptive  bandstop  filters,  RF  Channelizers,  and 
CLIC-SKIN. 

4.4  COMPARISON  WITH  PHOTONIC  TECHNOLOGY 

Although  this  project  aims  to  develop  microwave  channelizers  and  BSFs  for  interference 
mitigation  using  traditional  microwave  circuit  design  techniques,  an  equally  significant  approach  to 
this  task  is  through  the  use  of  photonic  technologies.  In  reference  [42],  signals  are  converted  into  the 
optical  domain  and  interference  mitigation  BSFs  are  demonstrated.  In  reference  [43],  a  phase 
cancellation  approach  is  taken  much  like  reported  in  Section  3.2,  although  in  the  optical  domain.  This 
reported  filter  has  the  unique  capability  to  maintain  a  very  low  percent  bandwidth  (although  the 
definition  of  how  %  bandwidth  is  defined  is  not  reported),  and  tune  through  a  broad  range  of 
frequencies  while  maintaining  a  high  level  of  rejection.  This  type  of  filter  looks  very  promising. 
Things  that  are  not  reported  in  reference  [44]  are  the  optical  to  analog  loss/gain  that  the  system 
incurs.  Typically,  there  is  a  conversion  such  that  the  RF/analog  signal  can  be  processed  in  the  optical 
domain.  The  efficiency  of  this  type  of  conversion  can  limit  its  adoption.  In  reference  [45]  the 
reported  attenuation  with  optical  to  RF  conversion  is  >  25  dB,  up  to  35  dB.  This  loss  will  need  to  be 
compensated  for  in  the  RF  analog  domain  with  a  broadband  amplifier.  OEWaves,  Inc.  has  also 
explored  this  topic  and  published  its  results  in  reference  [46]. 

A  comparison  between  some  published  works  on  microwave  notch  filters  are  presented  in  the 
Table  3.  Although  photonic  technologies  can  attain  a  wider  tuning  range  and  a  narrower 
%  bandwidth  [43],  the  cost  can  be  prohibitive  as  system  development  would  require  using  photonic 
lasers  as  well  as  optical  to  RF  converters.  The  size  and  ability  to  integrate  would  also  be  a  limitation, 
as  most  microwave  and  RF  systems  are  implemented  using  traditional  circuit  board  technology.  As 
optoelectronics  progresses  and  the  ability  to  integrate  on  a  board  level  becomes  a  possibility,  it  is 
anticipated  that  photonic  technologies  will  become  more  widespread. 


Table  3.  Comparison  between  some  published  works  on  microwave  notch  filters 


Works 

Center 

Frequency 

Tuning  Range 

%  Bandwidth 

Rejection 

Cost 

Reference  [42] 

1.5  GHz 

- 

1 

>50dB 

$$$ 

Reference  [43] 

- 

1  -30  GHz 

0.05%  -  0.2% 

>60dB 

$$$ 

Reference  [44] 

7.1  GHz 

- 

3.5% 

>60dB 

$$$ 

Reference  [45] 

- 

2-8  GHz 

4.12% 

>55dB 

$$$ 

Reference  [46] 

- 

- 

10  MHz 

>45dB 

$$$ 

This  work 
(coupled  lines) 

- 

3.6 -4.3  GHz 

~5% 

>55dB 

$  ($50) 

This  work 
(quasi-lumped) 

4.12  GHz 

- 

25% 

>55dB 

$(20) 

5.  TECHNOLOGY  DEVELOPMENT  IN  X-BAND 

The  objective  of  the  second  year  of  the  study  was  to  develop  a  RF  channelizer  with  a  built-in 
tunable  notch  filter  that  is  capable  of  supporting  bent-pipe  SATCOM  systems,  notionally  in  the 
X-band.  This  project  will  follow  the  aforementioned  project  description  and  corresponding  technical 
approaches. 

Wideband  radios  are  becoming  more  widespread  as  software-defined  radios  and  multi-function  RF 
become  ubiquitous.  Wide  bandwidths  allow  for  operational  agility  but  often  are  more  susceptible  to 
blocking  from  a  strong  interferer  [25].  In  many  of  these  wide  bandwidth  microwave  systems,  the 
LNAs  are  the  most  sensitive  component.  High-power  interference  or  jammers  can  push  the  LNAs 
into  compression,  blocking  the  receiver,  and  in  some  instances  can  damage  the  front  end.  In  many 
instances,  LNAs  with  limiters  are  employed  to  protect  the  receiver;  however,  most  solid  state  limiters 
are  not  frequency  selective  and  therefore  short  the  input  even  if  a  very  narrowband  high  power  signal 
is  present. 

A  more  preferable  solution  is  to  develop  frequency- selective  limiters  that  can  protect  a  wideband 
RF  front  end.  One  recent  example  of  this  is  in  reference  [47],  where  a  switched  multiplexer  is  used. 
We  propose  a  different  topology  using  a  two-tiered  approach.  The  first  level  of  protection  is  through 
the  use  of  a  frequency  multiplexer  or  channelizer  to  parse  the  wide  full  bandwidth  into  smaller 
channels.  The  second  level  of  protection  is  through  the  use  of  tunable  notch  filters  embedded  into 
each  channel  filter.  These  tunable  notch  filters  can  excise  high-power  interferences  precisely,  which 
allows  for  frequency  selective  limiting.  Since  high  levels  of  rejection  are  required,  absorptive  BSFs 
were  used  to  achieve  high  cancellation  using  low-order  resonators  [5;  17;  26].  This  also  serves  to 
dissipate  unwanted  signals  instead  of  reflecting  them  back  through  the  antenna.  Figure  45  shows  the 
proposed  concept.  This  type  of  architecture  is  especially  suitable  for  interference  mitigation  from  co¬ 
located  frequency  hopping  radios.  If  the  hopping  scheme  is  known  a  priori,  then  the  tunable  notch 
filters  could  be  set  accordingly  to  deconflict  when  co-site  interference  falls  within  the  same 
subchannel. 


Figure  44.  Channelizer  with  embedded  tunable  notch  filters. 


5.1  DEVELOPMENT  OF  COCHLEA  CHANNELIZER 

As  described  in  Section  4.1,  the  Cochlea  channelizer  is  preferable  because  high-frequency  channel 
filters  are  closer  to  the  input  of  the  filter,  mitigating  insertion  loss,  which  is  more  deleterious  at  high 
frequencies.  To  generate  the  series  inductance  and  capacitances  necessary  for  the  tubular  filters, 
micro-fabrication  was  used  instead  of  printed  circuit  board  fabrication.  We  used  Applied  Thin  Films 
(ATP)  for  thin  film  deposition.  For  X-band,  since  substrate  loss  can  be  high  at  microwave 
frequencies,  a  fused  silica  (quartz)  substrate  was  adopted.  Metal  deposition  resolutions  of  better  than 
20  pm  can  be  achieved  using  thin  films,  much  better  than  in  printed  circuit  board  processes.  A  five- 
channel  channelizer  was  designed  as  part  of  this  effort,  following  the  same  design  procedures 
described  in  Section  4. 

The  prototype  channelizer  was  fabricated  on  20-mil  fused  silica  quartz  substrate  (er=3.8, 
6=0.00006).  An  inductive  manifold  couples  to  each  channel  fdter  forming  an  up-converting  ladder 
network.  A  tubular  type  filter  is  used  to  achieve  the  specific  behavior  required  by  the  channel  filter. 
Typically,  the  tubular  channel  filters  are  realized  using  lumped  elements.  However,  at  microwave 
frequencies,  this  is  not  possible  because  of  low  self-resonant  frequencies  of  surface  mount  inductors 
and  capacitors.  Instead,  transmission  line  equivalent  circuits  are  adopted  as  in  reference  [4].  Series 
inductors  are  realized  as  high  impedance  transmission  lines.  Series  capacitors  are  realized  using  edge 
coupled  transmission  lines.  Shunt  capacitors  to  ground  are  realized  using  wide  transmission  lines  that 
have  a  parallel  plate  capacitance  to  ground.  Minimum  feature  size  of  the  channelizer  are  the  edge 
coupled  transmission  lines,  which  have  a  gap  size  of  1  mil.  Each  channel  filter  was  designed  for 
-15%  fractional  bandwidth  across  the  center  frequency.  Figure  46  shows  the  measured  performance 
of  the  channelizer  across  the  five  channels,  and  also  shows  the  fabricated  prototype  in  the  inset.  The 
insertion  loss  on  channel  three  deviates  from  simulation,  and  this  is  attributed  to  fabrication  tolerance 
of  the  edge  coupled  lines,  which  are  critical.  The  average  insertion  loss  is  around  3  dB  for  the 
entirety  of  the  channelizer,  and  adjacent  channel  rejection  is  over  9.8  dB  from  channel  center. 
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Figure  45.  X-band  5  contiguous  channel  frequency  multiplexer  designed  on  10-mil  fused  silica. 


5.2  DEVELOPMENT  OF  ABSORPTIVE  BANDSTOP  FILTER  DESIGN 

Absorptive  bandstop  filters  (ABSF)  have  the  capability  of  achieving  high  rejection  using  low 
quality  factor  (Q)  resonators  [9],  [48].  A  transmission  line  realized  two-path  notch  filter  is  used.  The 
input  signal  is  coupled  through  a  BPF  to  the  output,  while  a  portion  of  the  input  signal  is  coupled 
through  a  BSF  to  the  output.  The  two  portions  are  phased  such  that  at  the  designed  frequency  of  the 
two  paths  are  180°  out  of  phase,  resulting  in  near  perfect  cancellation.  Flip  chip  varactor  diodes 
(MAVR-000 102- 1441)  are  used  to  load  the  BPF  and  BSF  in  order  to  make  the  two  filters  tunable. 
Radial  stubs  are  used  for  bypass  capacitors  and  A./4  transmission  lines  are  used  as  chokes  for  DC 
biasing. 

Five  separate  ABSF  filters  are  designed  for  each  of  the  five  channels.  Each  one  is  designed  for 
around  4%  fractional  bandwidth  around  the  center  frequency  and  with  the  capability  to  tune  across 
the  full  bandwidth  of  each  channel.  Figure  47  shows  the  fabricated  prototype  for  the  ABSF  for 
channel  2.  Measurements  are  done  using  GSG  probe  launches  with  a  custom  TRL  calibration  kit  to 
de-embed  the  effects  of  the  probe  launch.  Figure  48  shows  the  measured  performance  of  the  ABSF, 
showing  more  than  35  dB  of  attenuation  from  6. 6-7.5  GHz  with  a  3-dB  bandwidth  of  around 
170  MHz.  The  varactor  diodes  are  swept  from  0-10  V  and  are  designed  to  be  swept  simultaneously 
with  the  same  voltage.  The  filters  were  also  designed  on  a  20-mil  fused  silica-quartz  substrate. 


Figure  46.  Fabricated  prototype  of  absorptive  tunable  bandstop  filter  for  channel  2. 
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Figure  47.  Measurement  result  of  ABSF  for  channel  2. 

5.3  DEVELOPMENT  OF  FREQUENCY  SELECTIVE  MULTIPLEXER  LIMITER 

Figure  49  shows  the  completed  frequency  selective  limiter  using  the  channelizer  developed  from 
Section  5.1  and  the  tunable  ABSF  from  Section  5.2.  Flange-mounted  SMA  connectors  were  used  for 
measurement  purposes,  and  DC  EMI  filters  were  used  to  provide  voltage  biasing  to  the  circuit.  The 
total  size  of  the  prototype  is  2.7  inches  by  2.7  inches.  Figure  50  shows  the  measured  response  for 
channel  one  with  the  ABSF  tuned  to  various  frequencies.  More  than  12  dB  of  rejection  is  achieved 
across  the  full  band,  with  more  than  40  dB  at  its  peak. 

To  test  the  performance  of  the  prototype,  the  test  setup  in  Figure  51  was  used.  A  signal  of  interest 
was  injected  into  channel  1  with  a  center  frequency  of  6  GHz  using  16  quadrature  amplitude 
modulation  (QAM)  with  a  symbol  rate  of  8  Msym/sec  and  an  output  power  of  -55  dBm.  A  high- 
power  jammer  was  also  injected  into  channel  one  using  a  power  combiner,  with  a  center  frequency  of 


6.9  GHz  at  an  output  power  of +1 1  dBm.  These  signals  were  fed  into  the  frequency  selective 
channelizer  limiter  preceding  a  LNA  (AML- 2014307-001).  An  Agilent®  E4440A  was  used  as  a 
digital  receiver,  demodulating  the  digital  signal.  When  the  ABSF  was  turned  off,  the  jammer 
saturated  the  LNA,  preventing  the  digital  signal  from  being  received,  the  maximum  peak  error  vector 
magnitude  (EVM)  was  measured  to  be  95%.  The  power  level  of  the  jammer  was  measured  to  be 
+14.88  dBm  at  the  receiver.  When  the  ABSF  was  tuned  to  6.9  GHz,  the  jammer  was  suppressed  by 
more  than  33  dB  and  the  constellation  is  recoverable.  The  measured  maximum  EVM  was  reduced  to 
57%.  This  is  shown  in  Figure  52.  Phase  and  amplitude  errors  resulting  from  the  instrumentation/test 
setup  is  attributed  to  high  general  EVM.  Figure  53  shows  the  full  frequency  response  of  the  entire 
five-channel  X-band  channelizer  with  embedded  tunable  absorptive  notch  filters.  The  slight 
amplitude  ripples  in  the  measured  channel  response  is  attributed  to  poor  electrical  contact  between 
the  fused  silica  substrate  and  the  housing/case,  which  was  bonded  through  the  use  of  silver  epoxy. 


Figure  48.  Prototype  of  X-band  frequency  selective  limiter  using  absorptive  tunable  notch  filters 
embedded  multiplexers.  Prototype  is  2.7  inches  by  2.7  inches. 
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Figure  49.  Channel  characteristics  of  channel  one  with  tunable  notch  filter  (red  line  indicates  3dB). 
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Figure  50.  Test  use  case  setup  for  co-channel  narrowband  interferer. 
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Figure  51 .  Measurement  results  before  (left)  and  after  (right)  ABSF  is  tuned  to  blocking  signal. 


Channelizer  +  ABSF 


Frequency  (GHz) 

Figure  52.  Full  frequency  response  of  the  five-channel  channelizer  with  embedded  absorptive 
tunable  notch  filters. 


Some  other  test  cases  were  also  examined  as  part  of  the  project.  Figure  54  shows  an  example  of  a 
test  case  when  the  RF  front  end  is  wide  open  and  susceptible  to  jamming.  Figure  55  shows  the 
response  before  and  after  a  high-power  signal  is  presented  in  far  proximity  to  the  signal  of  interest. 
When  the  jammer  is  introduced,  even  though  far  in  frequency  from  the  signal  of  interest,  the  jammer 
saturates  the  LNA  and  the  receiver  is  no  longer  able  to  demodulate  the  signal.  Figure  56  shows  the 
test  case  when  a  close  in  jammer  is  presented,  and  Figure  57  shows  the  measured  results.  As 
expected,  the  wide  open  RF  front  end  is  saturated  and  the  signal  of  interest  is  no  longer  able  to  be 
demodulated.  Figure  58  shows  a  final  test  case  where  a  channelized  receiver  is  used,  the  signal  of 
interest  resides  in  channel  1,  and  a  jammer  is  presented  in  channel  2.  Because  of  the  roll-off  response 
of  the  channel  filters,  the  RF  front  end  in  channel  1  is  protected  from  the  jammer  in  channel  2.  The 
introduction  of  the  jammer  does  not  degrade  reception  of  the  signal  of  interest.  Figure  59  shows  the 
results. 


Case  1  -  Wide  Open  Front  End  -  Far  Out  Jammer 
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Figure  53.  Test  case  for  wide  open  RF  front  end  for  far  out  jammer. 


Case  1  -  Wide  Open  Front  End  -  Far  Out  Jammer 
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Figure  54.  Response  of  the  receiver  before  and  after  a  far  out  jammer. 


Case  2  -  Wide  Open  Front  End  -  Close  In  Jammer 
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Figure  55.  Test  case  for  wide  open  RF  front  end  close  in  jammer  is  pressented. 


Case  2  -  Wide  Open  Front  End  -  Close  In  Jammer 
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Figure  56.  Response  of  the  receiver  before  and  after  a  close  in  jammer  is  presented. 


Case  3  -  Channelized  Front  End  -  Jammer  Out  of  Band 
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Figure  57.  Test  case  for  channelized  RF  front  end. 


Case  3  -  Channelized  Front  End  -  Jammer  Out  of  Band 
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Figure  58.  Response  of  the  receiver  with  channelization. 
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